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ABSTRACT 
Sea urchin eggs are used to investigate the involvement of spindle microtubules in 
the mechanisms that control the timing of cell cycle events. Eggs are treated for 4 
min with Colcemid at prophase of the first mitosis. No microtubules are assembled 
for at least 3  h, and the eggs do not divide. These eggs show repeated cycles of 
nuclear envelope breakdown  (NEB) and nuclear envelope reformation (NER). 
Mitosis  (NEB  to  NER)  is  twice  as  long  in  Colcemid-treated  eggs  as  in  the 
untreated controls. Interphase  (NER  to NEB) is  the  same  in both. Thus,  each 
cycle is prolonged entirely in mitosis. The chromosomes of treated eggs condense 
and eventually split into separate chromatids which do not move apart. This "c~ 
anaphase"  splitting  is  substantially  delayed  relative  to  anaphase  onset  in  the 
control eggs. 
Treated  eggs  are  irradiated  after  NEB  with  366-nm  light  to  inactivate  the 
Colcemid. This allows the eggs to assemble normal spindles and divide. Up to 14 
min after NEB, delays in the start of microtubule assembly give equal delays in 
anaphase onset, cleavage, and the events of the following cell cycle. Regardless of 
the delay, anaphase follows irradiation by the normal prometaphase duration. 
The  quantity  of  spindle  microtubules  also  influences  the  timing  of  mitotic 
events.  Short Colcemid treatments administered in prophase  of second division 
cause eggs to assemble small spindles. One blastomere is irradiated after NEB to 
provide a control cell with a normal-sized spindle. Cells with diminished spindles 
always  initiate  anaphase  later  than  their controls.  Telophase events  are  corre- 
spondingly  delayed.  This  work  demonstrates  that  spindle  microtubules  are 
involved  in  the  mechanisms  that  control  the  time  when  the  cell  will  initiate 
anaphase, finish mitosis, and start the next cell cycle. 
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In animal cells, the mitosis portion of the cell cycle 
consists  of a  series  of nuclear  and  cytoplasmic 
events that  precisely partition the chromosomes 
and cytoplasm  into two functional daughter cells. 
Spindle microtubules play an important role in 
the execution of these events. They are necessary 
for the establishment of spindle  polarity (7, 37, 
57,  78), chromosome attachment to the spindle 
(9, 58), prometaphase and anaphase movements 
of  the  chromosomes  (7,  37,  46,  66),  and  for 
determining the  location  of the cleavage  furrow 
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acteristic birefringence (37, 67, 73). 
In addition to being intimately involved in the 
execution of mitotic events, spindle microtubules 
may also be part of the mechanism that controls 
the cell's progress through the various stages of 
mitosis. Drugs and chemicals that inhibit microtu- 
bule assembly slow or stop the cell cycle in mitosis 
(10,  21,  23,  25,  30,  40).  For  many  of  these 
agents, the nature of the mitotic arrest is equivocal 
as a result of nonspecific side effects on metabo- 
lism or macromolecular synthesis.  However, the 
action of colchicine and Colcemid, whose mode of 
action  is  specific  and  well  characterized,  shows 
that cells which cannot assemble spindle microtu- 
bules either are arrested in mitosis or stay signifi- 
cantly longer in mitosis than they normally would 
(16, 25, 29, 37, 54). 
Inhibiting microtubule assembly may not com- 
pletely  stop  the  cell  cycle. Some  aspects  of the 
cycle will  continue,  albeit delayed. The chromo- 
somes of colchicine-treated cells condense, giving 
the familiar X-shaped figures characteristic of "c- 
metaphase"  (25,  42,  43).  Eventually,  the  sister 
chromatids  may fall  apart  in  "c-anaphase"  and, 
later,  nuclear envelopes will reform around indi- 
vidual chromosomes, giving a  number of micro- 
nuclei  (25,  35,  42,  43,  54.). These  same colchi- 
cine-treated  cells  may  then  enter  mitosis  once 
again with a greater number of chromosomes (20, 
25, 42, 43).  Fertilized sea urchin eggs can show 
cycles of cortical birefringence, nuclear envelope 
breakdown-reformation,  and  chromosome  con- 
densation-decondensation  in the presence of col- 
chicine (55, 76, 84). 
Although these studies indicate that the assem- 
bly  of  spindle  microtubules  may  influence  the 
timing of the cell cycle, they were performed on 
cells of a variety of organisms with differing drugs 
and  drug dosages.  The  timing  of mitotic events 
was  usually  not  precisely  determined  and  com- 
pared to that of normal cells.  Furthermore, these 
studies  have  not  provided  information  on  the 
timing of several other important mitotic events. 
The events listed below could proceed independ- 
ent  of microtubule  assembly,  but  could  not  be 
detected  in  drug-treated  cells.  (a)  Microtubule 
assembly: During mitosis the quantity of microtu- 
bules  in  the  spindle  changes  in  a  stage-specific 
fashion in close coordination with nuclear events 
(26,  37,  73).  Do  the  mechanisms  that  control 
microtubute  assembly and disassembly still oper- 
ate with normal timing when microtubule assem- 
bly  is  prevented?  (b)  Reproduction  of mitotic 
centers:  Sea  urchin  eggs  normally replicate  and 
split  their  mitotic  centers  (spindle  poles)  at  the 
time of telophase (49, 51). If spindle microtubules 
are not assembled, do these events follow nuclear 
envelope  breakdown  at  the  normal  time  or are 
they delayed? (c) Cleavage: Does the egg cortex 
remain  competent to form a furrow if mitosis is 
prolonged, or does the egg have to wait until the 
next  cell  cycle to  cleave?  (d)  Progress  through 
mitosis: When microtubule assembly is prevented, 
cells traverse the mitosis portion of the cell cycle 
more  slowly.  Does  the  cell  cycle  proceed  at  a 
constant but slower rate than normal? Possibly, it 
proceeds  at  a  normal rate  until  some  point  and 
then stops. If so, this would lend credence to the 
saying that colchicine arrests cells at "metaphase." 
The work described in this paper was designed 
to  systematically  investigate  the  role  of spindle 
microtubules  in  the  control of cell cycle timing. 
The eggs of the sea urchin Lytechinus  variegatus 
were used  for this work because they are  hardy 
and rapidly traverse  the cell  cycle. First,  I com- 
pared  the cell  cycle timing of eggs that are pre- 
vented from assembling microtubules to the tim- 
ing  of  normal  eggs.  Second,  I  determined  the 
extent  to which the  time  at which the cell starts 
microtubule  assembly  influences  the  timing  of 
mitotic  events.  Third,  I  tested  to  determine 
whether variations in the quantity of spindle  mi- 
crotubules affect the timing of the cell cycle. 
For this work, the assembly of spindle microtu- 
bules was specifically inhibited by briefly treating 
fertilized  eggs with 5  x  10  4  M  Colcemid for a 
few minutes in prophase of first or second mitosis. 
Although constant immersion of the eggs in this 
concentration  of drug  is  more  than  enough  to 
prevent any microtubule  assembly, the final dos- 
age  of the  drug can  be  precisely determined  by 
varying the duration of the treatment (68). 
The  results  of  this  work  show  that  spindle 
microtubules influence the timing of mitotic events 
and the overall duration of the cell cycle. That is, 
microtubules are not only necessary for the exe- 
cution of mitotic events, but also are involved in 
the mechanisms that determine when the cell will 
decide to execute these events. 
MATERIALS  AND  METHODS 
Living Material 
Lytechinus variegatus (Gulf Specimen Co. Inc., Pana- 
cea, Florida) were maintained at 22~  in Instant Ocean 
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fore use. Eggs were repeatedly obtained from individual 
females by intracoelomic injection of 0.5 M  KCI (27). 
Sperm were taken "dry" from excised testes. Eggs were 
fertilized and allowed to develop at 22~  in artificial sea 
water. All experiments were performed at 21 ~176 
Cotcemid Treatment 
To prevent the assembly of spindle microtubules, eggs 
were treated for 3.5-4 min with 5  x  10  4  M Colcemid 
(Ciba-Geigy Corp.,  Pharmaceutical Div.,  Summit,  N. 
J .) as previously described (68). Since only the minimum 
dosage  of Colcemid  necessary to  prevent assembly of 
spindle microtubules was used, treatment durations were 
adjusted to suit the eggs of particular females and the 
time  during the  spawning  season.  Treatments ranged 
from 3.25 min early in the season to 4.0 min later in the 
year.  Treatments were  terminated by centrifuging the 
eggs and resuspending them three times in fresh artificial 
sea water.  This washes out the free intracellular Col- 
cemid, leaving only the drug bound to the cells (14). L. 
variegatus eggs treated in this fashion recover very slowly 
from  the  drug  treatment; even  small  spindles do  not 
form for at least 3  h. Increasing the number of washes 
did  not  give  early  recovery  from  the  drug.  This  is 
consistent with the finding that the colchicine bound to 
cells is only slowly lost when the cells are put into drug- 
free medium (77). The half-time for exchange of tritiated 
colchicine bound to  in vitro preparations of tubutin is 
-37  h  (28).  The  amount  of  time  for  recovery from 
Colcemid varies with cell type (16, 37, 47, 77). 
A  stock solution of lumi-Colcemid was prepared by 
irradiating 1 ￿  10  -4 M Colcemid/distilled water for more 
than 1 h, using unfiltered light from a 200W mercury arc 
bulb  (Illumination Industries,  Sunnyvale,  Calif.)  in  a 
Zeiss lamphouse (Carl Zeiss, Inc., New York). 
Microscopy and Observations 
For observation, living cells were mounted as previ- 
ously described (68). Control cells mounted in this way 
developed until at least the ciliated blastula stage. 
Nuclear  morphology  in  living  and  fixed  cells  was 
observed and photographed with Zeiss Nomarski differ- 
ential interference contrast optics using a Plan 40X (NA 
0.65) objective. Timing data were obtained by following 
individual cells and recording the times of nuclear enve- 
lope breakdown and nuclear envelope reformation. 
Polarization microscopy was performed with a modi- 
fied  Nikon  model  S  microscope  body  (Nikon  Inc., 
Instrument Div., Garden City, N. Y.) (68). Timing data 
were obtained by following individual eggs and recording 
the times of nuclear envelope breakdown, irradiation, 
anaphase  onset,  and  the  following  nuclear  envelope 
breakdown. These events were used as timing markers 
since they are discrete occurrences that can be observed 
in vivo with the  polarization microscope.  Times were 
rounded off to the nearest half minute. Representative 
sequences were photographed with Kodak 35 mm Plus- 
X film developed in Kodak Microdol-X. Statistical meth- 
ods were taken from Sokal and Rohlf (71). 
Fixation, Cell Counting, and Staining 
To  determine  the  percentage  of  nuclear  envelope 
breakdown, atiquots of eggs from Colcemid-treated and 
control cultures were fixed in ethanol-acetic acid (3:1). 
Eggs  from  each  aliquot  were  then  placed  on  a  slide, 
gently flattened with a coverslip, and sealed with "Va- 
lap" (68). These slides were then scanned with a differ- 
ential interference contrast microscope. 
To observe chromosome morphology, eggs were fixed 
with ethanol-acetic acid (3:1) for several hours at room 
temperature. They were then transferred to 75% acetic 
acid. For observation, a drop of fixed eggs was placed 
on a  slide and stained with a  drop of acid-orcein (1% 
Orcein in 75% acetic acid). A coverslip was then placed 
on the eggs to gently flatten them, and the preparation 
was  sealed.  Photographs of chromosomes were  taken 
with Zeiss phase contrast optics using a Neofluor 100X 
(NA 1.30) oil immersion objective. 
Irradiation 
To irradiate the eggs with 366-nm light, the polarizer 
was removed and the 546-nm filter was replaced with a 
Zeiss UG-1 filter (optical system described in references 
68, 69). The image of the illuminator diaphragm (field 
stop) was used to limit irradiations to single cells or a 
portion of a cell. A single 15-s irradiation was sufficient 
to inactivate the doses of Colcemid used in this study. 
RESULTS 
Colcemid Control 
To test for possible side effects of the Colcemid 
treatments  used  in  this study,  eggs  were  treated 
with  lumi-Colcemid  (photochemically inactivated 
Colcemid). Lumi-colchicine has some of the same 
toxic  side  effects  as  native  colchicine,  such  as 
inhibition of nucleoside  transport and binding to 
membranes  (53,  72,  80),  yet  does  not  bind  to 
tubulin and does not prevent microtubule assem- 
bly (3,  11, 68,  82, 83). Thus, the effect of lumi- 
Colcemid  on  the  timing  of  the  cell  cycle  should 
differentiate between the specific and nonspecific 
effects of Colcemid.  Eggs were treated for 7  min 
with  5  ￿  10 -6  M  lumi-Colcemid  or  exposed 
continuously to 1  ￿  10 -~; M  lumi-Colcemid. Such 
treatments  with  native  Colcemid  are  more  than 
sufficient to prevent assembly of spindle microtu- 
bules. Neither treatment slowed the timing of first 
and second divisions in these eggs. 
Entry into Mitosis 
To  determine  whether  microtubule  assembly 
influences  the  time  of  nuclear  envelope  break- 
676  THE  JOURNAL OF  CELL BIOLOGY ￿9 VOLUME 80, 1979 down,  as  has  been  suggested  (6),  eggs  from  a 
single female were fertilized and then divided into 
three batches. The first served as the control and 
the second was treated for 3.5 min with 5  ￿  10  -~ 
M Colcemid in early prophase of the first division. 
The  third  batch  was  treated  for  7  rain  to  test 
whether the drug had any side effects that would 
slow the entry of these eggs into mitosis. Aliquots 
from  each  batch  were  fixed  at  3-min  intervals 
starting before nuclear envelope breakdown. 100- 
180 eggs were  scored for each aliquot to  deter- 
mine the  percentage of nuclear envelope break- 
down. 
The results of one such experiment are shown 
in Fig. 1. The time of nuclear envelope breakdown 
in both treated batches is the same as that of the 
control. The spread in times of nuclear envelope 
breakdown  reflects  the  asynchrony of  the  eggs 
used for this particular experiment. Identical re- 
suits were obtained in three separate experiments. 
Cyclical Disappearance-Reappearance of 
the Nuclear Envelope 
Colcemid-treated eggs do not form a spindle or 
divide. For at least 3 h after treatment, there is no 
trace of spindle birefringence or of alignment of 
chromosomes  and  cytoplasmic  granules  which- 
would indicate the presence of even a few micro- 
tubules. 
During the  next  several  hours,  nuclear enve- 
lopes cyclically break down and later reform (Fig. 
2).  In  each  egg,  the  nuclear  envelope  breaks 
down, leaving an irregular, clear area about the 
same size as the original nucleus (Fig. 2b). This 
clear  area  persists  for  -40  rain  and  then  tiny 
spherical  karyomeres  form  in  the  nuclear area 
(Fig. 2c). With time, these karyomeres swell and 
a few may fuse  (Fig. 2d).  These events parallel 
those in normal nuclear reconstitution (Fig 3 d, e, 
and f),  except  that  in treated  eggs  not all kary- 
FIGURE  1  Percent nuclear envelope breakdown (NEB) as a function of time after fertilization. Closed 
circles: untreated control eggs. Open circles: eggs treated for 3.5 min with 5 ￿  10 -~ M Colcemid. Open 
squares: eggs treated for 7 min with 5 x 10 -~ M Colcemid. 100-180 eggs were scored for each data point. 
Inset: before  and after  nuclear envelope breakdown  (fixed eggs). Nomarski differential interference 
contrast micrographs. Bar, 10/zm.  ￿  275. 
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cleavage  or  sign of surface  deformation. Later, 
the enlarged karyomeres of treated eggs synchro- 
nously break down, leaving an irregular clear area 
(Fig. 2e). This clear area persists for -30 rain and 
then  small  spherical  karyomeres  again  reform 
(Fig. 2f). With time, these swell  and a few may 
fuse  before  they  all  break  down  synchronously 
(Fig.  2g  and  h).  With  each  pass  through  the 
nuclear cycle, a greater number of ka~omeres are 
observed (Fig. 2 d vs. g ). 
The times of nuclear envelope breakdown and 
nuclear  envelope  reformation  (the  first  visible 
appearance  of  karyomeres)  were  recorded  in 
treated and untreated eggs. Individual eggs were 
followed to precisely quantitate their timing and 
to  avoid  the  complication of  asynchrony in the 
population. Most of the  population's asynchrony 
~6URE  2  Disappearance-reappearance cycling of nuclear envelopes in an egg treated for 4.0 rain with 
5  ￿  10 -~  M  Colcemid. (a)  before first nuclear envelope breakdown;  (b)  after  nuclear  envelope 
breakdown; (c) karyomeres forming; (d) karyomeres swell; (e) karyomeres synchronously  break down; 
(f) karyomeres form for the second time; (g) these swell; (h) they break down. Minutes before and after 
first nuclear envelope breakdown are shown in the lower corner of each photograph. Nomarski differential 
interference contrast micrographs of the same living eggs. Bar, 10 ~m ￿  600. 
FIGURE 3  Mitosis  and nuclear reformation in an untreated egg. (a) before nuclear envelope breakdown; 
(b) late prometaphase; (c) mid-anaphase; (d) nuclear envelope reformation in telophase; (e) karyomere 
fusion; (f) interphase, the line between the nuclei is the cleavage furrow. Minutes before and after first 
nuclear envelope  breakdown  are  shown in the  lower corner  of each  frame.  Nomarski differential 
interference contrast micrographs of the same living  egg. Bar, 10/.Lm x 600. 
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between  fertilization and  first  nuclear envelope 
breakdown. 
The timing of nuclear envelope breakdown and 
reformation is shown in Fig. 4. In the Colcemid- 
treated eggs, the interval from first nuclear enve- 
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~min 
I 
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NER~  NEB 2  NER 2 
'  ~x~  22.3rain  ~  2Z $min  '.  r  ~ 
[23~  x  ~19} 
i~  2~  3b  ,'o  ~  ~  g  g  -- 
Minutes  After  First  NEB 
FIGURE 4  Timing  of  nuclear  envelope  breakdown 
(NEB)  and  nuclear  envelope  reformation  (NER)  in 
untreated  (upper  line)  and  treated  eggs (lower line). 
Eggs were treated for 4 min with 5 ￿  10 -6 M Colcemid 
-20 min before first nuclear envelope breakdown. The 
horizontal lines represent time axes. First nuclear enve- 
lope breakdown is normalized to 0 rain for all individual 
eggs. The mean times of nuclear envelope reformation 
and breakdown are shown by closed circles on the time 
axes. The heavy horizontal bars delimit the 95% confi- 
dence limits of the  means. The larger numbers under 
each time axis show the mean duration of the various 
intervals. The  small numbers in parentheses give the 
sample sizes. 
lope  breakdown  to  first  nuclear envelope refor- 
mation  is  about  twice  as  long  as  that  of  the 
untreated  eggs.  The  interval  between  the  first 
nuclear envelope reformation and the second nu- 
clear envelope breakdown is not significantly dif- 
ferent  in the  treated  and  untreated  eggs.  After 
second nuclear envelope breakdown, the mitotic 
period is again almost exactly double in the Col- 
cemid-treated  eggs.  The  timing  of  subsequent 
cycles in treated and control eggs shows the same 
pattern. 
Chromosome Morphology 
The timing of the changes in chromosome mor- 
phology in treated and untreated eggs was deter- 
mined by fixing and staining aliquots of eggs at 3- 
min intervals after first  nuclear envelope break- 
down.  Treated  and  untreated  eggs  were  taken 
from the  same female and fertilized at the same 
time. 
Fig.  5A-J  shows  typical  examples  of  the 
changes in chromosome morphology of Colcemid- 
treated eggs.  In late prophase, the chromosomes 
are  relatively  long  and  thin  (Fig.  5A).  After 
nuclear envelope breakdown,  the  chromosomes 
become progressively more condensed (Fig. 5 B- 
F).  This stage  is equivalent to  prometaphase  in 
normal eggs.  For comparison, the  chromosomes 
FIGURE 5  Chromosome morphology in  Colcemid-treated (A-J) and untreated  eggs (K-M).  Phase 
contrast micrographs. Bar, 10/~m. ￿  700. 
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Fig.  5 K.  In treated  eggs, the  chromosomes re- 
main randomly distributed over an area about the 
same  size  as  the  original  nucleus.  There  is  no 
alignment of the chromosomes that would indicate 
some spindle development. 
After most of the  control eggs have  initiated 
anaphase  (Fig.  5L),  the  chromosomes  of  the 
treated  eggs continue  to condense  and  may be- 
come  even  more  condensed  than  normal  meta- 
phase  chromosomes  (Fig.  5F).  Eventually,  the 
chromosomes are observed to distinctly split  (Fig. 
5 G). This splitting is synchronous since all chro- 
mosomes are single or split  within any given egg. 
Although the sister chromatids do not move apart 
after splitting, this stage is analogous to anaphase 
in  untreated  eggs.  The  chromatids  then  decon- 
dense (Fig. 5 H) and a number of separate  kary- 
omeres are formed  (Fig.  5I).  Subsequent cycles 
of chromosome condensation,  splitting,  and  de- 
condensation follow the same pattern, except that 
more and  more chromosomes are observed with 
each cycle (Fig. 5A vs. 5J). 
Chromosome splitting in treated eggs is delayed 
relative  to anaphase  onset in the untreated  con- 
trols.  Split  figures are  found only in  aliquots of 
treated eggs that are fixed at least 15-20 rain after 
most controls have entered anaphase. This delay 
in  chromosome  splitting  accounts for  the  extra 
time that treated eggs spend in mitosis. The time 
from nuclear envelope breakdown to nuclear en- 
velope reformation is 20 min longer in the treated 
eggs than in the controls (Fig. 4). 
Delay of Spindle Assembly 
Spindle  assembly  was  experimentally  delayed 
relative  to  the  start  of  mitosis  by  individually 
irradiating  Colcemid-treated  eggs  for  15  s  with 
366-nm light at various times after nuclear enve- 
lope breakdown. This photochemically inactivates 
the drug and allows the eggs to assemble microtu- 
bules if they are competent to do so (3,  11, 68). 
Their  timing was compared to that  of untreated 
eggs that were given the same irradiation  shortly 
after nuclear envelope breakdown. 
As a control, I tested for the effect of 366-nm 
light  on  the  timing  of  the  normal  cell  cycle. 
Fertilized  eggs  were  allowed  to  divide  once. 
Shortly after second nuclear envelope breakdown, 
one  daughter  was  irradiated  for  the  desired 
amount  of time;  the  unirradiated  daughter  cell 
served as a control. Since second nuclear envelope 
breakdown occurred synchronously in the daugh- 
ter  cells,  even  30-s  differences  in  timing  could 
easily be detected.  Irradiations as long as 2 min, 
given anytime during prometaphase~ do not influ- 
ence the time of anaphase onset, cleavage, or the 
approximate  time  of nuclear  envelope  reforma- 
tion. Such irradiations, however, delay the follow- 
ing nuclear envelope breakdown (in this case the 
third)  in  a  dose-dependent  fashion.  The  15-s 
irradiations used throughout this study delay the 
following  nuclear  envelope  breakdown  by  ~7 
rain.  Irradiations  given  during  telophase  do  not 
impede cleavage or nuclear envelope reformation, 
but produce similar delays in the following nuclear 
envelope breakdown. Thus, all eggs in the follow- 
ing  studies  were  given  equal  doses  of  366-nm 
light. 
Colcemid-treated eggs enter mitosis but do not 
form a spindle  (Fig. 6a).  Upon irradiation,  such 
eggs assemble  functional  spindles  of normal  ap- 
pearance  (Fig.  6b-f).  15-20  s  after  the  irradia- 
tion,  two  small  birefringent  asters  are  seen  on 
either side of the nuclear area. These asters move 
apart  as the  spindle  forms.  As  in  normal  eggs, 
spindle  size  and  retardation  gradually  increase, 
reaching a  maximum  at  anaphase  onset.  In late 
anaphase, spindle birefringence rapidly fades, the 
egg cleaves, the mitotic centers split, and daughter 
nuclei  reform  (Fig.  6).  The  sequence  and  mor- 
phology of  these  telophase  events  are  normal. 
Subsequent  division  cycles of these  eggs appear 
normal.  Thus,  development  proceeds  normally 
after irradiation even though the start of microtu- 
bule  assembly  is  substantially  delayed.  The  egg 
shown in Fig. 6 was irradiated 8 rain after nuclear 
envelope  breakdown;  an  untreated  egg  at  this 
time  would  be  in  metaphase.  For  comparison, 
mitosis in a normal egg, as seen with the polariza- 
tion microscope, is shown in Fig. 7. 
The  quantitative  results  of these  experiments 
show that  delays of spindle  assembly give equal 
delays in the time of anaphase onset and the time 
of second  nuclear  envelope  breakdown  (Figs.  8 
and 9). Anaphase follows the irradiation by ~10 
min regardless  of the  experimentally  introduced 
delay  of  spindle  assembly.  This  is  the  same 
amount  of time  that  untreated  eggs  take  to  go 
from  nuclear  envelope  breakdown  to  anaphase 
onset  (see  top  line).  The  eggs  shown  on  the 
bottom line of Fig. 8 (10- to 13-rain delays) show 
normal spindle assembly and division even though 
they were irradiated when they should have been 
in mid-anaphase. 
Delays  in  microtubule  assembly  correspond- 
680  THE JOURNAL OF CELL BIOLOGy"  VOLUME 80, 1979 FIGURE  6  Mitosis in a Colcemid-treated egg after irradiation with 366-nm light. This egg was treated for 
3.5 min with 5  ￿  10 --~ M  Colcemid in early prophase of the first division. 8 min after nuclear envelope 
breakdown,  it was irradiated for  15  s  with 366-nm light.  (a) after nuclear envelope breakdown, but 
before irradiation; (b-d) recovery of the birefringent spindle after irradiation; (e) early anaphase; (f) 
cleavage; (g)  nuclear envelopes have reformed; (h) second prometaphase.  Minutes after first nuclear 
envelope breakdown are shown in the lower comer of each frame. Polarization micrographs; additive and 
subtractive compensation. Bar, 10/zm.  x  240. 
FIGURE  7  Mitosis  in  an  untreated  egg.  (a)  before  first  nuclear  envelope  breakdown;  (b)  nuclear 
envelope breakdown; (c) metaphase; (d) early anaphase; (e) telophase and cleavage; (f) prophase of 
second mitosis; (g) second nuclear envelope breakdown; (h) prometaphase of second mitosis. Minutes 
before  and  after  first  nuclear  envelope  breakdown  are  shown  in  the  lower  comer  of  each  frame. 
Polarization micrographs; subtractive and additive compensation. Bar, 10/xm.  x  225. 
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]~GURE  8  Results of Colcemid reversal experiments. 
Fertilized eggs were treated for 3.5 min with 5 x 10 -~ M 
Colcemid in early prophase of the first division (cross 
hatching). They were irradiated for 15 s with 366-nm 
light at  times ranging from 0.5  to  14  min after first 
nuclear  envelope  breakdown  (NEB).  The  untreated 
control eggs (top line) were irradiated shortly after first 
nuclear  envelope  breakdown.  Timing data  from  the 
Colcemid-treated eggs are collected into three  classes 
based  upon  the  number of  minutes between  nuclear 
envelope breakdown and irradiation. The light horizon- 
tal lines are  the  time axes. The  time of first nuclear 
envelope  breakdown  is  normalized to  0  rain  for  all 
individual  eggs. The mean times of irradiation, anaphase 
onset,  and  second nuclear  envelope  breakdown  are 
shown as closed circles on the  time axes. The  heavy 
horizontal bars delimit the 95% confidence limits of the 
means. The parallel dotted lines are drawn through the 
irradiation,  anaphase,  and  second nuclear  envelope 
breakdown means to emphasize the constancy of the 
interval between irradiation and anaphase, as well as the 
interval between anaphase and second nuclear envelope 
breakdown. The numbers in parentheses give the sample 
sizes. 
ingly delay following cell cycles. As shown in Fig. 
8,  second  nuclear envelope  breakdown  follows 
anaphase onset by ~36 rain in both control and 
experimentally delayed eggs.  In Table I, the tim- 
ing of subsequent cell cycles of treated eggs irra- 
diated  soon  after  first  nuclear envelope  break- 
down  (.~  =  2.6  min) is  compared  with  that  of 
treated eggs irradiated at a time when they should 
be entering anaphase (~ =  10,4 min). This com- 
parison shows that later cell cycles are not shorter 
to compensate for the experimentally introduced 
delay. 
Identical results are obtained if the experiments 
are  performed with eggs treated  in prophase of 
the second divsion. A  15-s irradiation gives recov- 
ery of functional spindles of normal appearance in 
both daughter cells. As before, delays in spindle 
assembly give equal delays in the time of anaphase 
onset and division (Fig. 9). 
To test  the constancy of the  interval between 
irradiation and anaphase onset, data obtained for 
first or second division eggs (shown in Fig. 9) can 
be plotted as: the amount of time between irradia- 
tion and anaphase onset (ordinate) as a function 
of the experimentally introduced delay (abscissa). 
The slopes and intercepts of lines drawn through 
the data were computed by the method of least 
squares (71). The slopes of the lines for first and 
second division eggs are not significantly  different 
from zero: First division t =  -1.71844, p >  0.05, 
Second  division  t  =  1.8950,  p  >  0.05.  This 
indicates  that  the  interval  from  irradiation  to 
anaphase onset is constant regardless of the delay 
in spindle assembly. 
Also,  the  mean  interval  from  irradiation  to 
anaphase onset for all delayed first division eggs is 
not significantly  different from the time of nuclear 
envelope  breakdown  to  anaphase  onset  in  un- 
treated  control eggs  (Table  I).  For  all  delayed 
second division eggs, the mean time from irradia- 
tion to anaphase onset is 3  min longer than the 
nuclear envelope breakdown to anaphase interval 
for control eggs (Table I). 
Spindle Size and the Time of 
Anaphase Onset 
Eggs were treated for 1-3 min with 5 ￿  10 -~ M 
Colcemid in second prophase. At second nuclear 
envelope breakdown, small barrel-shaped spindles 
were  formed.  Although  reduced  in  length  and 
birefringence, such small spindles are  functional 
(68).  One daughter cell was irradiated for  15  s 
with 366-nm light after second nuclear envelope 
breakdown. This led to the rapid recovery of an 
approximately normal-sized spindle which served 
as  a  control.  The  daughter  cell  with  the  small 
spindle was irradiated in telophase to equalize the 
doses of 366-nm light. Since both daughter cells 
underwent nuclear envelope breakdown synchro- 
nously, small differences in timing could easily be 
detected. 
Photographs of a typical experiment are shown 
in Fig. 10. The upper daughter cell was irradiated 
after  nuclear envelope  breakdown  and  had  an 
approximately normal-sized spindle. This spindle 
initiates anaphase  3  min sooner  than  does  the 
small barrel-shaped spindle in the lower cell. This 
difference in the times of anaphase onset must be 
a result of the difference in quantities of microtu- 
bules since even 2-min irradiations per se do not 
influence the time of anaphase onset in untreated 
eggs. After anaphase, both cells cleave and reform 
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Cell Cycle Timing of  Eggs Irradiated on the Average 2.6 rain after Nuclear Envelope Breakdown vs. that of 
Eggs Irradiated on the Average 10.4 min after Nuclear Envelope Breakdown. 
Stage 
Delay  NEB~  .............  .t,  lrrad  ...............  ,P Ana~  ...............  ~.  NEBz  ..............  *  Ana~  ........  ~NEBs 
Short ~ (min)  2.6 + 0.8  11.2  -+ 1.0  35.5  -+ 2.8  9.8 -+ 1.0  37.2  _  6.5 
n=18  n=  18  n=  18  n=15  n=5 
Long i  (min)  10.4  --- 0.6  10.0 --+ 1.0  35.9 --+ 1.9  10.0  -  .9  34.6 -  5.2 
n=33  n=33  n=33  n=  14  n=7 
Corresponding val-  9.6 -+ 0.7  7.1  -+ 0.6 
ues for untreated  n =  35  n =  34 
control cells 
(NEB to Ana) 
Mean value (in rain), plus and minus the 95% confidence limits of the mean. Times shown are the duration of the 
intervals between the events shown at the top of the table, n is the sample size. 
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FIGURE 9  The relationship between the times of irra- 
diation and anaphase onset in Colcemid-treated first and 
second division  eggs.  The  timing of irradiated  control 
eggs is shown on the top lines. Timing data from treated 
eggs are collected into classes based upon the number of 
minutes between nuclear envelope breakdown and irra- 
diation. The parallel dotted lines are drawn through the 
irradiation and  anaphase  means to emphasize the con- 
stancy of this interval. The numbers in parentheses give 
the sample sizes.  Data shown  in Fig. 8 are included in 
this figure. 
nuclei.  The  cell cycle  in  the  cell  with  the  small 
spindle remains delayed.  Cleavage, nuclear enve- 
lope  reformation,  and  third  nuclear  envelope 
breakdown  occur  at  the  same  pace  as  in  the 
control cell but are set back in time. 
There is a  qualitative correlation between spin- 
dle size and the delay in anaphase onset. Spindles 
that  are  10%  shorter  than  normal  show  little or 
no delay in anaphase  onset.  Those  whose  length 
and  birefringence  are  reduced  by  50%  take  as 
much  as  7-8  min  longer to  reach  anaphase  than 
their  full-sized  counterparts.  This  represents  al- 
most  a  doubling  of  the  normal  interval between 
nuclear envelope breakdown  and anaphase  onset. 
Fig.  11 a  and b  show the quantitative results of 
a number of these experiments. The data from the 
cell pairs are artificially put into two classes (a and 
b) based upon the differences in time of anaphase 
onset within the cell pairs.  Separation of the data 
into  these  two  classes  shows  that  third  nuclear 
envelope  breakdown  follows  anaphase  onset  by 
-29  min regardless of the time of anaphase onset. 
Abnormal Development from Long 
Delays in Spindle Assembly 
Colcemid-treated eggs will eventually finish mi- 
tosis and  start  the  next cell cycle without assem- 
bling microtubules.  What  then happens  if treated 
eggs  are  irradiated  later  and  later  after  nuclear 
envelope breakdown? 
Although eggs will develop normally when spin- 
dle  assembly  is  delayed  by  as  much  as  14  min, 
there  is an  increasing  incidence of abnormal  de- 
velopment when they are irradiated more than  11 
min  after  nuclear  envelope  breakdown.  Irradia- 
tion  between  11  and  14  min  after  nuclear enve- 
lope breakdown  leads in some cases to the recov- 
ery  of  spindles  whose  poles  visibly  split  shortly 
before  anaphase  onset  (Fig.  12a  and  c).  These 
spindles  are  either  tripolar  or  tetrapolar  upon 
entering  anaphase  (Fig.  12c).  Occasionally,  one 
or  both  poles  may  be  sufficiently  split  at  first 
division so that after anaphase  three or four small 
nuclei  reform.  Thus,  the  splitting  of the  mitotic 
GREENFIELD SLUDER  Control  of Cell Cycle Timing  683 lq6URE 10  Mitosis of daughter cells with different-sized  spindles.  This zygote was treated for 2,5 min 
with 5 ￿  10 -6 M Colcemid at first cleavage. Second nuclear envelope breakdown occurred synchronously 
in both daughter cells. Shortly thereafter, the upper blastomere was irradiated for 15 s with 366-nm light. 
The lower blastomere was irradiated for 15 s when it was in telophase to equalize  the doses of 366-nm 
light.  (a)  prometaphase  in  irradiated  and  unirradiated blastomeres;  (b)  anaphase  in  the  irradiated 
blastomere  while  lower  blastomere  is  in  metaphase;  (c)  telophase  and  the  initiation of cleavage  in 
irradiated cell while the unirradiated cell is in anaphase. The large spindle initiated anaphase 3 min earlier 
than the smaller one; (d) telophase  and cleavage in lower blastomere; (e) nuclear envelope fully reformed 
in upper two  cells but not in lower two; (f) prometaphase in upper cells while lower two  are still in 
interphase; (g) anaphase in upper cells and prometaphase in lower cells; (h) cleavage in upper cells and 
anaphase in lower ceils. Minutes after second nuclear envelope breakdown are shown in the lower corner 
of each frame, Polarization micrographs;  additive and subtractive  compensation. Bar 10/xm. ￿  243. 
centers, which normally occurs in late anaphase or 
early telophase  (49,  51), is out of phase with the 
rest  of  the  mitotic  events.  These  eggs  cleave 
normally and reform daughter nuclei of equal size. 
At the next division, the  poles of the  daughters' 
spindles do  not split  before  anaphase  (Fig.  12b 
and d). 
When  irradiated  16-25  rain after  first  nuclear 
envelope breakdown, treated eggs assemble spin- 
dles for a  short but variable amount of time after 
the  irradiation. These  spindles then become  dif- 
fuse and their birefringence fades completely be- 
fore they are due to initiate anaphase. The poles 
of these weak or fading spindles may or may not 
be  visibly split.  Fig.  13  shows  a  typical case  in 
which the egg was irradiated 23 min after nuclear 
envelope breakdown. Here, spindle birefringence 
disappears <6 rain after the irradiation without a 
visible  anaphase  (Fig.  13d).  Sometimes,  eggs 
irradiated  at  this  time  assemble  diffuse  spindles 
with little birefringence. 
Although  anaphase  may  not be  detectable  in 
eggs delayed this long, chromosomes are moved, 
because  two  well  separated  daughter  nuclei are 
formed. At the next mitosis, two bipolar spindles 
of normal appearance  are  assembled (Fig.  13f). 
Sometimes, the nuclei that reform are of unequal 
size,  suggesting a  breakdown  in the  mechanisms 
that  ensure  equal  distribution of daughter  chro- 
mosomes to opposite poles. These eggs sometimes 
initiate shallow furrows that later regress. 
Irradiation between 25 and 35 rain after nuclear 
envelope breakdown leads to the recovery of little 
spindle  structure.  Fig.  14  shows  one  such  egg 
irradiated 29.5 rain after nuclear envelope break- 
down.  Although  there  is  no measurable spindle 
birefringence,  cytoplasmic  granules  are  aligned, 
indicating the  presence  of  some  astral  microtu- 
bules (Fig. 14). With time, these spindles become 
larger,  more  diffuse,  and may  split one  or  both 
poles before  nuclear envelope  reformation  (Fig. 
14). There is no recognizable anaphase, yet chro- 
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reform away from the area occupied by the origi- 
nal  first division nucleus.  Either  the  egg reforms 
one  large  nucleus  in  association  with  a  pair  of 
daughter centers or reforms two smaller nuclei of 
unequal  size.  The  egg shown  in  Fig.  12  reforms 
only one  nucleus  (Fig.  14d).  There is usually no 
cleavage in these eggs. At the next division, cells 
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FIGURE 11  Timing  data  for  sister  blastomeres  with 
different-sized spindles.  Eggs were treated for 1-3 rain 
with 5  ￿  10 4  M  Colcemid during first cleavage. After 
second  nuclear  envelope  breakdown,  one  of  the  two 
daughters  was  irradiated  for  15  s  with  366-nm  light 
(arrow  under  top lines). The  unirradiated  blastomeres 
were  irradiated  in  telophase  to  equalize  the  doses  of 
366-nm light (arrow under bottom lines). Second nuclear 
envelope  breakdown  was  synchronous  within  all  cell 
pairs and was normalized to zero time. Mean times of 
second anaphase and third nuclear envelope breakdown 
are shown  as closed circles on the time axes; the heavy 
horizontal lines delimit the 95 % confidence limits of the 
means.  The  data  were  artificially  separated  into  two 
classes based  upon the difference in times of anaphase 
onset within the cell pairs. This was done to emphasize 
that third nuclear envelope breakdown follows anaphase 
with a constant  interval. Qualitatively, the smaller the 
diminished  spindle,  the  greater  the  difference  in  ana- 
phase times (large vs. small above, and large vs. medium 
below). Numbers in parentheses give the sample sizes. 
with  two  nuclei  form  two  spindles  of  unequal 
width  that  complete  mitosis  normally.  Eggs  that 
reform only one  nucleus  form one  spindle,  while 
the  other  two  centers  remain  separate  in  the 
cytoplasm (Fig. 14e). 
If treated  eggs  are  irradiated  35-40  rain  after 
nuclear envelope breakdown  (about the time kar- 
yomeres become visible as  clusters  of small hya- 
line  globules),  no  spindle  is  observed  to  form. 
When the karyomeres synchronously break down, 
a  tetrapolar  spindle  forms.  Identical  tetrapolar 
spindles are immediately assembled if the eggs are 
irradiated  after  the  karyomeres  have  broken 
down. 
DISCUSSION 
Use of Colcemid 
A  basic premise  of the analysis presented  here 
is that changes in cell cycle timing are only a result 
of the  loss  of microtubules  and  not  of toxic side 
effects of Colcemid.  Physiological  processes  that 
do  not  depend  on  microtubules  should  not  be 
significantly affected.  Even though  Colcemid and 
its  parent  compound  colchicine  act  by  binding 
with good specificity to the tubulin dimer (12,  13, 
14,  16, 37, 81 ), toxic side effects and nonspecific 
binding  to  cellular  components  are  sometimes 
observed at drug concentrations which are greater 
than  those  needed  to  inhibit  microtubule  assem- 
bly. The extent of these side effects depends upon 
the  drug's  concentration  and  duration  of the  ex- 
posure. 
To  minimize  possible  side  effects,  I  used  Col- 
cemid instead of colchicine since it is less toxic to 
animal  cells and  is effective at  a  lower external 
concentration  (23,  31,  41,65,  74,  85).  The eggs 
were exposed to the drug for a discrete period and 
then  washed  with  sea  water.  This  not  only  re- 
moves the extracellular drug but also washes out 
FIGURE 12  First and second division spindles  of two Colcemid-treated eggs that were irradiated 11 min 
after first nuclear envelope breakdown  (a and b), and 15 rain after first nuclear envelope breakdown (c 
and d).  (a) lower pole of this spindle is split  at metaphase; (b) same egg in early anaphase  of second 
mitosis; poles are not  split;  (c) both poles of this  spindle are split  at early anaphase;  (d) same egg at 
second  anaphase  with  poles  that  are  not  split.  Polarization  micrographs,  additive  and  subtractive 
compensation. Bar, 10/.Lm.  ￿  160. 
GREENFIELD SLUDER  Control of Cell Cycle Timing  6~5 FIGURE 13  Mitosis  in a Colcemid-treated egg irradiated 23 min after first nuclear envelope breakdown. 
(a) before irradiation; (b and c) spindle assembly after irradiation; (d) spindle birefringence fades 6 rain 
after irradiation without a detectable anaphase; (e) nuclear envelope reformation; (f) second prometa- 
phase. Minutes after first nuclear envelope breakdown are shown in the lower corner of each frame. 
Polarization micrographs, additive and subtractive compensation. Bar 10 p.m. ￿  158, 
FmurtE 14  Mitosis  in a Colcemid-treated egg that was irradiated 29.5 min after first nuclear envelope 
breakdown. (a and b) spindle assembly after irradiation, there is no measurable retardation, but some 
alignment of cytoplasmic granules can be seen; (c and d) the poles have split and a single nucleus is 
reforming; (e) second prometaphase, all of the chromosomes are associated with the upper two centers, 
while the lower centers are free in the cytoplasm. Minutes after first nuclear envelope breakdown are 
shown in the lower corner of each frame. Polarization micrographs, additive compensation. Bar, 10 tzm. 
x  188. 
the intracellular pool of unbound Colcemid (14). 
In this way, I could precisely control the dosage of 
Colcemid  and  be  certain  that  I  used  only  the 
minimum dosage that would prevent microtubule 
assembly. 
Three  observations from  this study show  that 
Colcemid, as used here, does not have detectable 
toxic side effects: (a) The rate at which a popula- 
tion of eggs  goes through first nuclear envelope 
breakdown is not slowed by even twice the dosage 
of Colcemid sufficient to block assembly of spindle 
microtubules. (b) The  interval between  nuclear 
envelope reformation and subsequent nuclear en- 
velope  breakdown  (interphase)  is  the  same  in 
treated  and  untreated  eggs.  (c)  Treatments of 
lumi-Colcemid do not slow the cell cycle of these 
eggs. 
Cell Cycle without Spindle Microtubule 
When  treated  with  Colcemid, the  eggs  of L. 
variegatus continue to  go  through  the  cell  cycle 
without spindle microtubules. The sequence and 
morphology of the  cell cycle  events are  normal, 
with  several  exceptions:  daughter  chromosomes 
are  not moved apart  after  splitting; karyomeres 
tend not to fuse; and the cells do not cleave. The 
lack  of chromosome  movement and cleavage  is 
understandable. Microtubules are  necessary  for 
chromosomes to  be  moved  (7,  37,  46,  66)  and 
two asters are normally required to trigger the egg 
cortex  to  initiate a  furrow  (63,  64).  Incomplete 
karyomere  fusion  is  probably  not  a  result  of 
alterations in the properties of the nuclear enve- 
lopes, because adjacent karyomeres are occasion- 
ally  observed to fuse.  Also. nuclei in Colcemid- 
treated  eggs  will  fuse  when  brought  into  close 
apposition  by  centrifugation  (2).  This  suggests 
that microtubules of the telophase aster, in normal 
cells, form a  focus that is necessary to bring the 
karyomeres into close  proximity so that they can 
fuse, 
Although  spindles do  not  form  in  Colcemid- 
treated eggs, daughter chromatids synchronously 
fall  apart  as they would at anaphase onset. The 
full-length  gap  between  the  daughter  chromo- 
somes indicates that both the chromosome arms 
and kinetochores have split. This splitting (often 
called "c-anaphase") has been reported for several 
other types of colchicine-treated cells (25, 34, 42, 
43, 44, 45, 54). These observations are consistent 
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two  distinct  events:  the  splitting  apart  of  the 
chromosomes and  then  the  actual  movement of 
the daughter chromosomes to the poles (49, 50). 
The  cell  cycle  of  Colcemid-treated  eggs  is 
-50%  longer than  normal. The  increased  dura- 
tion of the cell cycle comes entirely from a  dou- 
bling  of the  interval  between  nuclear  envelope 
breakdown  and  nuclear  envelope  reformation. 
This is the portion of the cell  cycle during which 
the  spindle  is  normally  assembled  and  the  cell 
divides. 
The timing of the changes in chromosome mor- 
phology indicates that primarily the prometaphase 
portion  of mitosis  is  prolonged.  Almost  all  the 
extra  time  that  Colcemid-treated  eggs  spend  in 
mitosis  is  a  result  of an  increase  in  the  interval 
between  nuclear envelope breakdown  and the c- 
anaphase splitting of the chromosomes. Once the 
chromosomes split, nuclear envelope reformation 
proceeds at  an approximately normal pace. This 
observation is the same as that of Mol~-Bajer on 
colchicine-treated Haemanthus cells  (54).  There, 
nuclear  envelope  reformation  followed  c-ana- 
phase with the normal interval even though mito- 
sis was substantially prolonged. 
Delays of Spindle Assembly 
To further define the interrelationship  between 
microtubule  assembly  and  the  timing  of mitotic 
events, Colcemid-treated eggs were irradiated for 
15  s  with  366-nm  light  at  times  after  nuclear 
envelope  breakdown.  These  experiments  show 
that the assembly of spindle  microtubules can be 
delayed  relative  to nuclear  envelope breakdown 
and that  the  egg will  still  divide normally. After 
irradiation,  spindle  assembly,  anaphase  onset, 
chromosome  movement,  splitting  of the  spindle 
poles, cleavage, and nuclear envelope reformation 
proceed  at  a  normal  pace  and  remain  properly 
coordinated  with  each  other.  This  holds  true 
whether spindle assembly starts right after nuclear 
envelope breakdown  or at  14  min,  a  time  when 
the  egg would  normally  have  been  in  late  ana- 
phase or early telophase. 
The quantitative  results of this work show that 
the time when the egg starts microtubule assembly 
determines  when  it  will  initiate  anaphase,  finish 
mitosis and  enter the next cell  cycle. For first or 
second division eggs, delays in microtubule assem- 
bly give equal delays in these events. 
The timing of subsequent cell cycles shows that 
delays of microtubule assembly are not acting in a 
trivial  sense  by just  delaying the expression of a 
few  telophase  events,  leaving  the  basic  mecha- 
nisms that  drive  the  cell  cycle untouched.  Once 
the cycle is prolonged, following cell cycles do not 
resynchronize with the controls. Although delays 
of  14  min  are  small  compared  to  the  total  cell 
cycle times of most cell types, delays of this length 
more than double the time from nuclear envelope 
breakdown  to  anaphase  onset  in  these  rapidly 
dividing  eggs,  and  increase  the  total  cell  cycle 
duration by -30%. 
The  conclusion  that  spindle  microtubules  are 
part  of  the  mechanism  that  controls  cell  cycle 
timing is further strengthened by the observation 
that  the  quantity  of microtubules  in  the  spindle 
influences  the  timing  of  the  cell  cycle.  Small 
spindles are still functional, but always take longer 
to reach anaphase than their normal counterparts. 
Significantly,  there  is  a  correlation  between  the 
size of the spindle and the time of anaphase onset. 
As before, the events that follow anaphase onset 
occur at  a  normal  pace  regardless  of the  actual 
time of anaphase onset. 
Temporal Relationships 
With  respect  to  the  onset  of  anaphase  and 
subsequent cell cycles, Colcemid does not appear 
to arrest  sea urchin eggs at  "metaphase"  as has 
been said for other types of cells  (see references 
16, 25, 30, 42, 43, 56, for examples). For at least 
10-14 rain after nuclear envelope breakdown, the 
temporal  progression  of mitosis  does  not  begin 
until spindle microtubules start to assemble. Ana- 
phase onset consistently follows the irradiation by 
10.5  rain,  which is the  normal  interval  between 
nuclear  envelope  breakdown  and  the  start  of 
anaphase  for first division eggs. Also, the rate of 
microtubule assembly in the spindle upon irradia- 
tion is qualitatively normal regardless of the delay. 
For example, an egg irradiated when it should be 
at metaphase  does not build a spindle  any faster 
than  a  normal  cell  does  after  nuclear  envelope 
breakdown. 
However,  chromosomes continue  to condense 
after nuclear envelope breakdown even if micro- 
tubule  assembly  is  prevented  (this  paper  and 
references 5, 25, 49, 62). Normally, chromosome 
condensation may begin as early as the end of the 
S phase (59, 60, 62) and is observed to continue 
well  into  anaphase  (5,  49).  Thus,  chromosome 
condensation does not determine  the cell's prog- 
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once  started,  continues  until  nuclear  envelope 
reformation. 
The pattern of temporal relationships observed 
in  this  study  shows  that  mitotic events  are  not 
rigidly linked to some timer mechanism. Instead, 
the portion of the cell cycle from nuclear envelope 
breakdown to anaphase onset is temporally flexi- 
ble. Once  anaphase has been initiated, however, 
events leading to  and including the  next nuclear 
envelope  breakdown  always  go  as  a  temporal 
linkage  group.  For  delays  up  to  14  rain,  they 
remain  properly  coordinated  and  proceed  at  a 
normal pace. Thus,  the cell is competent to exe- 
cute and properly coordinate mitotic events well 
after the normal "clock" time. 
These results argue  against the possibility that 
the overall timing of the cell cycle in these eggs is 
governed solely by a continuous biochemical oscil- 
lator (38, 39, 52, 79), or by the linear readout of 
the genome  (22,  24,  48).  Microtubule assembly 
affects the duration of mitosis and this correspond- 
ingly changes the  length of the  cell cycle. Once 
the cell cycle is prolonged, it does not later return 
to its original schedule. The observation that the 
cell cycles of tissue culture cells can be synchro- 
nized  by  delaying the  cells in  mitosis with  Col- 
cemid  and  later washing  out  the  drug  (74,  75) 
indicates that  this phenomenon  is not  unique  to 
sea urchin eggs. 
Also, not all the events of mitosis are part of a 
simple  dependent  sequence.  Important  mitotic 
events such as chromosome movements, cleavage, 
and karyomere fusion can be skipped, yet the cell 
cycle continues. The assembly of microtubules, as 
an event, is unusual in that it is not necessary for 
the  cell  cycle to  continue,  yet will  influence  its 
timing. 
Prolonged Delays of Spindle Assembly 
When  Colcemid-treated  eggs  are  irradiated 
more than  11  min after nuclear envelope break- 
down, there is an increasing incidence of abnormal 
spindle development that  indicates that  the  ceils 
have  spontaneously  started  to  proceed  through 
mitosis. This is evident in the cases where spindles 
develop split poles before anaphase and in cases 
where spindles start to assemble after irradiation, 
but then precociously fade away. 
These cases are potentially interesting. Here are 
cases where  the  normal mitotic events of center 
splitting and  spindle disassembly are experimen- 
tally put out of phase with other events of the cell 
cycle. However, these events do not remain out of 
phase  in  succeeding  cell cycles;  subsequent  mi- 
toses are of normal appearance and timing. Thus, 
the phasing of these mitotic events must be reset 
at each cell cycle. 
When irradiated at the time karyomeres form, 
treated eggs recover little, if any,  spifidle struc- 
ture. Only after karyomeres have broken down at 
the start of the next prometaphase will irradiation 
give immediate recovery of relatively large num- 
bers of microtubules. These observations indicate 
that the cell's ability to assemble spindle microtu- 
bules  continues  to  vary  in  proper  coordination 
with  the  nuclear  cycle  even  in  the  absence  of 
microtubule assembly. 
Force Production and the Time of 
Anaphase Onset 
Several  lines  of  reasoning  indicate  that  the 
delays of anaphase  onset  observed in  this study 
are a result of the role that microtubules have in 
the mechanisms that control timing, not the result 
of  insufficient  spindle  microtubules  to  pull  the 
chromosomes  apart  at  the  normal  time.  First, 
chromosomes do pop apart without any microtu- 
bules pulling on them  (this report and references 
42,  43,  54,  57).  Secondly, unattached  chromo- 
somes or acentric fragments that  lie outside the 
spindle are observed to split and separate slightly 
at  the  same  time  that  the  chromosomes  in  the 
spindle  start  their  normal  anaphase  movements 
(4, 8, 9,  17, 18, 46, 49, 86). This suggests that a 
cell-wide influence,  not  force  production  by the 
spindle, determines when chromosomes can move 
apart in  anaphase. Thirdly, relatively few micro- 
tubules are  required  to  produce  or transmit the 
force  necessary  for  chromosome  movement. 
Chromosomes  or whole  nuclei will move  in  the 
presence of only a few microtubules (1,9, 15.57, 
66). Also, the tensile strength of a single microtu- 
bule should support the movement of a chromo- 
some at normal rates (36). In the work presented 
here,  the  experimental  eggs  assembled  what 
should have been more than enough microtubules 
to move chromosomes much earlier than they in 
fact did. 
How Can Microtubule Assembly 
Influence Timing? 
Conceivably, the cell could monitor how much 
of the  cellular pool of tubulin  has  polymerized. 
This is unlikely since marine eggs use only a small 
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of the first division spindle  (19,  61,  77).  A  more 
likely possibility is that spindle microtubules pro- 
vide the dividing cell with a  structural framework 
that  has  the  specific  geometry  necessary  for  the 
operation of some process of mitosis. If so, spindle 
microtubules would  act  as an  essential  structural 
cofactor  that  limits the rate  at which this process 
can operate.  For example, such a  process could be 
the  localization  of substances within  the  dividing 
cell.  Support  for  this hypothesis comes  from  mi- 
cromanipulation  experiments which show that the 
spatial arrangement  of spindle microtubules influ- 
ences the duration of mitosis (70L 
Model 
In  summary,  the  observations  of  this  study 
suggest  a  simple  model  for  the  way  in  which 
mitosis is  integrated  into  the  cell  cycle:  The  cell 
has a  fundamental  rhythm  that allows  more  time 
for  mitosis  than  is  actually  used  under  normal 
circumstances.  Starting  with  nuclear  envelope 
breakdown,  there is a  waiting period that provides 
the cell with wide temporal tolerances to assemble 
the labile spindle structure and divide. Within this 
period,  spindle microtubules are part of the mech- 
anism that leads to a  necessary event or physiolog- 
ical  change  that  triggers  the  cell  to  execute  the 
events  that  finish  mitosis  and  start  the  next  cell 
cycle.  Once triggered,  the cell cycle proceeds at a 
normal  pace  independent  of microtubule  assem- 
bly. At the next nuclear envelope breakdown,  the 
timing of the cell cycle again becomes  sensitive to 
the  assembly of spindle  microtubules.  Thus,  the 
cell cycle can be thought of as a  stopwatch. Once 
the  hand  comes  into  the  mitosis  portion  of  the 
cycle,  the  watch  can  be  reset  to  the  start  of the 
next cycle by a  mechanism  involving spindle  mi- 
crotubules.  If these  microtubules  are  not  assem- 
bled,  the watch will continue to cycle but does so 
at its fundamental  rate. 
The involvement of spindle microtubules in the 
timing of the  cell  cycle  may  be  important  to  the 
cell.  These  microtubules  are  structural  elements 
that  are  necessary for  the  precise  alignment  and 
separation  of daughter  chromosomes.  Their  role 
in the control of timing could be the way in which 
the  cell  ensures  that  spindle  assembly and  chro- 
mosome  alignment are properly coordinated  with 
anaphase  onset,  disassembly of the  spindle,  and 
the start of the next cell cycle. 
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